Increasing mixed chimerism (MC) after allogeneic stem cell transplantation (SCT) has been associated with a high risk of relapse in acute leukemia. We evaluated a new method for chimerism detection, based on the quantitative real-time PCR (qrt-PCR) amplification of null alleles or insertion/deletion polymorphisms (indels). All qrt-PCR assays with null alleles and indels attained a sensitivity of at least 10
Introduction
Relapse is the most frequent cause of failure after allogeneic stem cell transplantation (SCT) in patients with acute leukemia. 1, 2 Mixed chimerism (MC) increases in patients with acute leukemia who are at high risk for relapse, enabling its anticipation by about 2 months. [3] [4] [5] [6] [7] Consequently, the determination of hematopoietic chimerism to monitor grafting and prevent relapse 3, [7] [8] [9] has become a useful method in the followup of SCT patients.
DNA-based chimerism determination, mainly PCR amplification of polymorphic genes, such as nucleotide tandem repeats (VNTR or STR), has replaced previous less sensitive and accurate immunological or cytogenetic procedures. 10, 11 However, the sensitivity of conventional PCR methods is still no higher than 1%. 9 As a consequence, a considerable number of patients still relapse shortly after demonstrating complete donor chimerism (CC), 3, 6, 7 probably because the percentage of host cells does not reach the minimum level for detection.
Procedures based on quantitative real-time PCR (qrt-PCR) offer important advantages with respect to previous amplification strategies that have been thoroughly described. In addition to higher sensitivity and accuracy, they show faster performance, less competition of products with different length and exclusion of nonspecific signals. [12] [13] [14] Chromosome Y-related loci, readily detected by other chimerism methods, such as fluorescent in situ hybridization (FISH), 9, 15 have also proved suitable for qrt-PCR determination. These methods have been successfully used for the detection of small amounts of cells, 16, 17 although sex mismatch between donor and recipient constitutes its main limiting factor for routine application. Other recently designed methods are based on the quantification of single-nucleotide polymorphisms (SNP). 13, 14, 18 Alizadeh et al 14 evaluated 19 polymorphisms differing by at least two consecutive variable bases, and Maas et al 18 also managed to distinguish donor and recipient using seven SNPs. These methods detect residual host cells up to levels of 0.1-0.01%, but they require identification of small differences between alleles, which reduces their discriminative ability and increases assay complexity.
Recently, a great number of insertion-deletion diallelic polymorphisms (indels) have been characterized in the human genome. 19, 20 We propose a new approach for the determination of chimerism, based on the existence of long genomic sequences (indels), occasionally complete genes (null alleles), which are either present or absent in the individual genotype. The detection of a donor-recipient DNA mismatch in these sequences is especially useful for chimerism follow-up when the donor, but not the recipient, presents the null or the deleted genotype. We tested a set of 10 markers, four null alleles and six indels, and hypothesized that they predict acute leukemia relapse more accurately than conventional PCR methods. We therefore undertook a retrospective analysis in a series of consecutive patients allotransplanted for acute leukemia at our institution, using qrt-PCR Light-Cycler technology with sequence-specific primers and hybridization probes, and compared the results with those obtained by conventional PCR with VNTR markers.
Materials and methods

Clinical characteristics of patients
A total of 61 consecutive patients with acute leukemia who received an allogeneic SCT at our institution between January 1997 and June 2003 were included in the study. In all cases, informed consent was obtained according to institutional guidelines. Collection of outcome data was ended as of December 2003, in order to guarantee a minimum follow-up of 6 months.
The mean age of the 61 patients was 26.0 years (range: 4-54), 19 of whom were children (31.1%). The male/female ratio was 28/33, and myeloid leukemia was the most frequent diagnosis (54.1% of cases). Most patients (72.1%) were transplanted in complete remission and from an identical sibling (86.9%). The source of stem cells was peripheral blood (PB) in 43 of cases, bone marrow (BM) in 17 and in one case umbilical cord blood. Conditioning was based mainly on chemotherapy (47 cases), except for 14 patients with lymphoblastic leukemia in whom total body irradiation was used. Four patients (UPNs 2147, 2176, 2180 and 2181) had to be excluded from further chimerism analysis because of early death (within 1 month of SCT). The median follow-up in survivors was 41.8 months (range: 9.6-87.5).
DNA samples
Genomic DNA was extracted from fresh whole PB or BM using standard procedures (Puregene DNA isolation kit, Gentra Systems, Minneapolis, MN, USA), and stored at -801C until PCR experiments were performed. Clinical criteria determined the rate of sample collection, although during the first post-SCT year, measurements were made about monthly in PB and every 2-3 months in BM; this period gradually lengthened thereafter. The median number of samples available in patients analyzed was four (range: 1-12) in BM and seven (range: 2-21) in PB. In order to homogenize the time schedule for all patients, samples were grouped in the same time intervals from the moment of SCT to the end of follow-up.
VNTR amplification
Amplification by conventional PCR of five different minisatellite regions: D1S80, APO-B, DXS52, 33.6. and 33.1 was used for determination of VNTR chimerism. Primer sequences and conditions for each reaction have been described previously. 7, [21] [22] [23] To evaluate chimerism status after allo-SCT, we used a semiquantitative approach based on densitometric measurements, which has been fully described by our group. 7, 21 This assay allows the detection of a minor recipient cell population at the 1-2.5% sensitivity level, depending on the informative locus and the band pattern of each patient. 7, 21 Real-time PCR amplification IN all, 10 sequences, corresponding to four null alleles (GSTM1, GSTT1, SRY and RhD) and six indels (DCP1, Xq28, R271, rs4399, FVII and THYR) were amplified using LightCycler technology. These markers were selected from different sources (Table 1) , depending on their chromosome position, the length of the insertion sequence and the frequency of the different alleles.
Primers and probes:
The sequences of the qrt-PCR primers and probes (TIB MolBiol, Berlin, Germany) used for amplification of the wild-type genes GSTM1, GSTT1, RhD and SRY have been published. 18, [24] [25] [26] The remaining primers and probes were designed according to the gene DNA sequence available in the GeneBank database by the LightCycler Probe Design program (Roche, Mannheim, Germany), in order to optimize the size, melting temperature and position of the nucleotides (see Table 1 ). [27] [28] [29] [30] Indel forward primers were always designed to hybridize the indel sequence, whereas the reverse primer and both probes were complementary of the nonvariable sequence of the gene; in null alleles, all primers and probes hybridize within the corresponding gene. The sequences of primers and probes used for each polymorphism have been included as 'Supplementary Information'.
LightCycler run conditions: Similar conditions were set up for all runs: 100 ng of genomic DNA was added to 20 ml reaction volume containing 0.4 mmol/l each primer, 0.2 mmol/l. anchor and sensor probe and 2 ml of LightCycler FastStar DNA Master Hybridization probes (Roche Molecular Biochemicals) that included buffer, Taq DNA polymerase and MgCl 2 . The final Mg 2 þ concentration in the reaction mixture was adjusted to 3.5 mmol/l in all cases, except for SRY which was 4.5 mmol/l. b-Globin, used as a reference gene, was amplified in the same run and following the same procedure described for each marker. The primers and probes for b-globin amplification were provided in a commercial kit (LightCycler control kit DNA, Roche). The program conditions applied for qrt-PCR were previously tested Discrepancy with respect to previously reported percentage may be explained by the non-Caucasian origin of the reference population.
and the optimized Light-Cycler run parameters for each polymorphism are added as 'Supplementary Information'.
Sample quantification: In order to reduce the variation between different assays and samples, we used a procedure based on the relative quantification of target genes vs their control in relation to the reference gene. 31 . DCp corresponds to the difference between control Cp and sample Cp, either for the target or for the reference genes. The selected control corresponded to the pre-SCT host sample of each patient; this was considered as 100% recipient chimerism and was repeatedly used for all determinations of the same patient.
Other molecular analysis
The p210
BCR-ABL , TEL-AML1 and AML1-ETO fusion transcripts were analyzed by means of the reverse transcription nested polymerase chain reaction, according to the primers and protocols established by the European BIOMED 1 concerted action. 32 
Sensitivity, cell mixture and variability experiments
Dilution experiments of host DNA in donor DNA were designed to obtain proportions of 1 to 10 À5 , always keeping a final DNA concentration for the assay of 100 ng. The mean Cp results of three experiments were plotted against DNA dilutions, and standard lines were constructed. Linear correlation coefficients were then calculated, and sensitivities and efficiencies estimated for each gene from their corresponding regression lines.
In order to assess the accuracy of qrt-PCR measurements, known dilutions of host and donor cells were prepared in the range evaluated (1-10 -4 ). DNA was extracted and host chimerism of two null alleles (SRY, RhD) and two indels (DCP1 and R271) was quantified in the mixtures with the LightCycler as described above. The chimerism results were plotted against the known concentrations.
Intra-assay variability was analyzed introducing a sample in three different capillaries of the Light-Cycler within the same run; the means and the standard deviations (s.d.) of the Cps and the coefficients of variation (CV) after amplification were then obtained. The same process was repeated at different host DNA concentrations. For analysis of interassay variablity, a sample was studied in three independent runs, using different mastermix solutions. The experiment was also repeated in samples containing different concentrations of host DNA.
Statistical analysis
Apart from standard dispersion measures, CVs were calculated by dividing the s.d. by the corresponding mean, in order to compare variability at different concentrations. To investigate linear correlations, Pearson coefficients were obtained and linear regression parameters were estimated. Differences in quantitative variables were analyzed by nonparametric tests: Mann-Whitney for independent data or Wilcoxon rank test for paired data. Categorical data were compared by the w 2 test. In all cases, P-values below 0.05 were considered significant.
Results
Clinical outcome
In our series, 24 patients (39. 3%) relapsed, most (58.3%) within the first 6 months post-SCT. The mean overall survival in this group was 17.0 months and, at the end of the recorded period, only three (14.3%) of the subjects who relapsed remained alive. The majority of deaths in the relapsed group were due to disease progression. In all, 12 (36.4%) of the nonrelapsed patients died, six within the first 100 days after SCT, mainly because of infectious complications. Overall survival in the nonrelapsed patients was significantly longer (55.6 months) than in the relapsed patients (P ¼ 0.026, log-rank test).
Polymorphism frequency and informativeness
The distribution of all the polymorphisms in the 61 donorrecipient pairs was studied. The percentages of recipients containing the inserted sequence or the null allele, pair mismatch and informativeness for each marker are shown in Table 1 . Informativeness, described previously as the presence of a polymorphism in the recipient which was absent in the donor, reached 80.3% overall (49 of 61 patients). More than one marker could be found in 38.8% of informative pairs.
Sensitivity, accuracy and variability experiments
A qrt-PCR run is depicted in Figure 1a . All polymorphisms showed a high linear correlation between concentration and Cp with negative slopes, as can be seen in Figure 1b . The results of the regression coefficients and slopes, and the highest sensitivity for each marker, as well as the estimation of efficiencies for each qrt-PCR, are shown in Table 2 .
Regarding sensitivity, although most polymorphism assays detected recipient DNA at the lowest host concentration used (10 À5 ), linearity was frequently lost in these extreme conditions. We therefore established a common threshold value for all markers at the 10 À4 concentration (0.01% host DNA in the total amount). Samples quantified under this level were considered as though host chimerism was not detectable (donor CC) and automatically assigned to the 10 À4 value. Known dilutions of host and donor cells were quantified by qrt-PCR with four different markers, two null alleles and two indels; the results are shown in Figure 1c . Significant linear correlations were observed between the prepared dilutions and the measured chimerism, with slopes very close to 1. This high agreement between actual and qrt-PCR determined values was found in the whole range of concentrations used, and confirmed the accuracy of the procedure.
Intra-and interassay variabilities were also examined for each polymorphism, as described previously. Ranges for the means, s.d.s and CVs corresponding to different concentrations are also included in Table 2 . High reproducibility and accuracy of the different null allele and indel assays were observed for all markers with CVs always below 3%.
Chimerism determination by qrt-PCR in patients
Nonrelapsed patients: The analysis of chimerism by qrt-PCR in nonrelapsed patients was performed in 24 of 33 cases (72.7%), who showed informativeness in at least one polymorphism (Figure 2a) . In BM, recipient DNA remained at levels above 1% during the first 6 months after SCT, then descended progressively but without disappearing after more than 4 years follow-up. Thus, no CC could be detected in BM samples (Figure 2a) . In five long-term survivors in this ).
Real-time PCR and indels chimerism A Jiménez-Velasco et al group, minimal residual disease could be followed simultaneously by rearrangements detected with standardized molecular methods (two patients with BCR-ABL, two with AML1-ETO and one with TEL-AML1). All five showed undetectable BM levels of the corresponding rearrangement with effect from the first sample after SCT, despite the high level of host chimerism sometimes observed. By contrast, PB chimerism, which always remained at levels below those of BM, decreased from values around 1.5% to undetectable levels (below 0.01% in most patients) after the first year, usually maintaining a stable CC later.
Relapsed patients: Of the 24 patients who relapsed, 21
(87.5%) showed an informative marker. However, chimerism study was ruled out in three cases (UPNs 2096, 2148 and 2162) in whom no remission was detected after SCT. Another patient (UPN 2196) could not be followed in either BM or PB because only one sample had been collected before the occurrence of early relapse. Of the remaining 20 patients, 17 had at least one informative marker and were included for analysis. The chimerism pattern (Figure 2b ) was clearly different from that observed in nonrelapsed patients, especially in PB, where an ascending, instead of a descending, trend was observed. Despite starting this increasing trend earlier, no differences were found until the sample nearest relapse, whose mean host percentage in PB was 2.670.8, a level significantly higher than that observed in the previous sample (0.770.3; P ¼ 0.002, Wilcoxon test). In the relapsed group, increasing chimerism in PB samples was found significantly more frequently than in the nonrelapsed patients (45.2 vs 18.5%) (P ¼ 0.004, w 2 test). Moreover, at all intervals between SCT and this last measurement, chimerism percentages were similar in relapsed and nonrelapsed patients, indicating that the behavior of both groups did not differ until this moment before relapse. On the other hand, BM chimerism values were similar in all measurements prior to relapse (Figure 2b) .
When examined individually, the overall prediction of relapse was 88.2% (15 of 17) and the median time between the appearance of increasing MC and relapse was 58 days (range: 9-167). Comparison between the percentage of relapsed and nonrelapsed patients with increasing qrt-PCR chimerism (88.2 vs 16.7%) was statistically significant (Po0.001, w 2 test). Table 3 details the characteristics of the qrt-PCR chimerism in all the relapsed patients analyzed. Prediction by qrt-PCR failed in two patients (UPNs 2133 and 2169), both sharing an inconsistent collection of samples: in the first case, no samples were obtained for more than 2 months before a late relapse, and in the second patient, with an early relapse, only one PB sample was collected during the first 3 months after SCT.
Comparison between VNTR and qrt-PCR chimerism
In our series, 19 of 20 relapsed patients (95%) with an informative locus could be evaluated by VNTR chimerism, although one other patient had to be excluded later because of failure in DNA amplification of one sample. Only eight of these 18 relapsed patients (44.4%) showed increasing MC in PB or BM, which enabled prediction of relapse (Table 3 ). This percentage was significantly lower than that reported above for qrt-PCR (88.2%) (P ¼ 0.006, w 2 test). As expected, no MC could be detected by conventional PCR in samples with qrt-PCR values lower than 0.1% and just a few samples showed VNTR MC with 0.1-1% qrt-PCR host chimerism. The median time at which relapse was predicted by VNTR was 37.5 days (14-154), slightly shorter but not different in comparison to the same period obtained with qrt-PCR (58 days) (P ¼ 0.91, MannWhitney test).
Discussion
Our results show for the first time that determination of null alleles and indels by LightCycler qrt-PCR is a very sensitive, reliable and accurate method to detect residual host cells post-SCT in patients with acute leukemia. Most of the polymorphisms used attained a sensitivity of 10 À4 (0.01%), with some detecting 
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A Jiménez-Velasco et al up to 10 À5 (0.001%). Even more importantly though, and as shown in cell mixture experiments, this procedure not only enables detection, but also reliable quantification at these levels. Additionally, intra-and interassay variability studies confirmed the reproducibility of qrt-PCR measurements.
Two other qrt-PCR approaches have been described previously for chimerism determination: chromosome Y-derived genes and SNP-based methods. The former has proved to be reliable and extremely sensitive, both with conventional-PCR 5, 33 and with qrt-PCR technology, 16 with the known limitation of the requirement for sex mismatch, thus preventing its use as a routine procedure alone. We have partly shared this approach, considering the SRY gene as a null allele present only in males. The SNP method, which is sex-independent, is based on a rather frequent polymorphism in the human genome (around 1/1000 bp), 34 in which a single-nucleotide difference may distinguish donor and recipient alleles. With this approach, all donor/recipient pairs can be analyzed and up to 10 À3 host DNA detection has been described. 18 Alizadeh et al, 16 using a similar method but with short-sized polymorphisms, reported a sensitivity of 10 À4 . The main concern in both cases derives from the similarity between both alleles, producing a certain amount of nonspecific amplification, which may reduce the accuracy of quantification. Our approach differs from SNP because of the larger size of the sequences inserted and their complete lack, instead of replacement, in the donor, with the consequent exclusion of nonspecific amplification. Determination of chimerism by conventional PCR does not reach qrt-PCR sensitivity, 9, 35, 36 except in some cases in which cell subpopulations have been isolated by immunomagnetic techniques. 6, 37 With respect to informativeness, more than 80% of the patients in our series could be analyzed using an initial panel of 10 markers. However, the increasing number of indels identified, 19 and the specific databases already available (http://research.marshfieldclinic.org/genetics/indels), will allow testing of new sequences to increase the percentage of informativeness and recruit the optimal group of polymorphisms for each population.
The results obtained with determination of chimerism in patients support an improvement in the prediction of relapse by qrt-PCR in comparison with conventional PCR. Quantification by qrt-PCR has confirmed that chimerism variability, either individual or temporal, does not enable establishment of a common threshold for the risk of relapse in all patients. In fact, prediction of relapse has been found at chimerism levels ranging from 0.1 to 10%, depending on the post-transplantation time and the individual kinetics. For this reason, an increase in individual values at any chimerism level has to be considered the best criterion for relapse prediction, in agreement with previously reported results. Real-time PCR and indels chimerism A Jiménez-Velasco et al supporting the idea that more sensitive techniques enable better relapse prediction. Persistence of recipient BM chimerism in our nonrelapsed patients has been observed more than 4 years post-SCT. A long persistence of MC of several hematopoietic lineages has been described, mainly associated with T-cell-depleted grafts, 38 but rarely for such a long time after unmanipulated SCT. 39, 40 One possible explanation could be that chimerism levels under 1%, as found with qrt-PCR, are difficult to be noticed by lesssensitive methods. The persistence of high and more variable levels of chimerism in BM may contribute to poorer detection of small increments in chimerism, which would easily be found in PB. In our patients, their nonleukemic character was confirmed by study of the minimal residual disease, showing high levels of MC in BM associated with undetectable levels of sensitive molecular leukemic rearrangements (BCR-ABL, AML1-ETO, TEL-AML1).
After the detection of rising numbers of host cells, relapses in our series usually developed within the next 2 months (median: 58 days, range: 9-167 days). Similar periods have been found by Mattson et al 6 and by our own group; 7 and these intervals may be enough to implement therapeutic measures that improve SCT outcome, as shown by Bader et al. 3, 8 Other authors report a shorter interval (0.5 months; range: 0.5-10.5), 33 and yet others fail to detect MC, despite very close collection of PB samples (even weekly). 10, 41, 42 Although low sensitivity could account for these failings, our study also supports that relapse in acute leukemia develops over a very short period in some patients. Systematic studies to clarify this point should be designed, but our results suggest that the sample collection schedule in acute leukemia has to be prioritized, irrespective of the sensitivity of the method used.
In conclusion, we consider that qrt-PCR approaches are becoming the best option for the follow-up of chimerism after SCT, and that procedures based on null alleles and indels may constitute one of the most useful variants.
